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Hox and Pax transcription factors are master regulators of skeletal and organ morphogenesis. Some skeletal malformations
encountered in Hoxa5 mutants are shared by the undulated (un) mice, which bear a point mutation in the Pax1 gene. To
investigate whether Hoxa5 and Pax1 act in common pathways during skeletal development, we analyzed Hoxa5;un
compound mutants. Our genetic studies show that Hoxa5 and Pax1 cooperate in the vertebral patterning of the
cervicothoracic transition region and in acromion morphogenesis. The dynamics of expression of Hoxa5 and Pax1 in the
pectoral girdle region suggest that both genes function in a complementary fashion during acromion formation. Whereas
Pax1 is required for the recruitment of acromion precursor cells, Hoxa5 may provide regional cues essential for the correct
formation of the acromion by ensuring Pax1 expression at the proper time and position during morphogenesis of the pectoral
girdle. Hoxa5 also has a distinctive role in specifying the fate of perichondrial and chondrogenic cell lineages in a
Sox9-dependent way. © 2002 Elsevier Science (USA)
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The Hox transcription factors act as key regulators of the
regional patterning along the axes of the developing em-
bryo. Thirty-nine Hox genes have been identified in human
and mouse and they are organized in 4 chromosomal
clusters (HoxA–D), each of these containing between 9 and
11 genes. Based on sequence similarity and their relative
position within the complex, Hox genes have been subdi-
vided into 13 paralogous groups. The spatiotemporal profile
of Hox gene expression during embryogenesis reflects the
arrangement of the clusters: the 3-most genes being ex-
pressed earlier and in more anterior domains than the
5-located ones (Krumlauf, 1994). This relation of colinear-
ity is also found in the axial skeletal malformations ob-
served in Hox mutants (Stein et al., 1996, references
therein). Thereby, mutations of 3-located Hox genes usu-
ally result in defects of rostral vertebrae, whereas loss-of-
function of genes toward the 5 end of the clusters affect
more posterior structures.
Mutations of genes from paralogous groups 9–13 were
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96also shown to have profound effects on limb development
(Rijli and Chambon, 1997; Kondo et al., 1998). The pattern
of expression of these genes during limb morphogenesis
parallels their order in the clusters, and the proximodistal
position of structural limb defects observed in the Hox
mutants correlates with their relative position along the
complex. Hence, genes of the Hox9 group participate in the
formation of the stylopod, Hox10 and -11 groups in that of
the zeugopod, whereas Hox12 and -13 groups contribute to
the development of the autopod (Dolle´ et al., 1993; Small
and Potter, 1993; Davis and Capecchi, 1994, 1996; Davis et
al., 1995; Favier et al., 1995, 1996; Fromental-Ramain et al.,
1996a,b; Kondo et al., 1996; Zakany and Duboule, 1996;
Carpenter et al., 1997; Post et al., 2000; Bruneau et al.,
2001; Wahba et al., 2001). In human, mutations in the
HOXD13 and HOXA13 genes are associated with synpoly-
dactyly and hypodactyly, respectively (Mortlock et al.,
1996; Muragaki et al., 1996). Genetic analyses of Hox
mutations have revealed that Hox genes from paralogous
groups 5–8 can also contribute to the patterning of the
limbs. The Hoxb5 mutation results in a rostral shift in the
positioning of the pectoral girdle, whereas misexpression of
Hoxc6 causes malformations of the scapula in chick em-
bryos (Oliver et al., 1990; Rancourt et al., 1995). As well,ail: lucie.jeannotte@crhdq.ulaval.ca.
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ectopic expression of Hoxb8 in the forelimbs of transgenic
mice leads to a mirror duplication of digits, a consequence
of the appearance of a second zone of polarizing activity in
the anterior portion of the limb bud (Charite´ et al., 1994).
We have previously shown that the loss of Hoxa5 func-
tion perturbs axial specification in the cervical and upper
thoracic region between the third cervical (C3) and the
second thoracic (T2) vertebrae. Anterior transformations of
C3, C4, and C6, posteriorization of C7 and T1, and reduc-
tion or absence of the dorsal process on T2 are observed in
Hoxa5 mutants (Jeannotte et al., 1993; Aubin et al., 1998).
The transformations of C6 and C7 are totally penetrant,
while the penetrance and expressivity of the other axial
anomalies vary according to the genetic background. The
lack of Hoxa5 function also leads to anomalies of the
acromion, a bony element fused in its proximal end to the
scapula blade that projects ventrally to articulate with the
clavicula. In Hoxa5 mutants, the acromion is often reduced,
interrupted, or missing, a phenotype that varies with the
genetic environment (Aubin et al., 1998).
Some skeletal phenotypes of Hoxa5 mutants are reminis-
cent of anomalies observed in the natural undulated (un)
mutant mice (Gru¨neberg, 1954; Balling et al., 1988; Wallin
et al., 1994). The undulated series (un, unex, UnS) carry
mutations in the Pax1 gene, a member of the paired box
(Pax) gene family of transcription factors (Balling et al.,
1988). The Pax genes are essential for several organogenesis
processes (Dahl et al., 1997). Whereas two of the three un
alleles, un short tail (UnS) and un extensive (unex), corre-
spond to deletion mutations, the un allele consists of a
point mutation in the paired box of Pax1 that reduces
dramatically the DNA binding capacity of the mutant
protein (Chalepakis et al., 1991). Pax1 is expressed in a
segmented fashion in somites and sclerotomes during de-
velopment of the murine axial skeleton (Deutsch et al.,
1988). In un mice, the patterning of the vertebral column is
affected, resulting in irregularly shaped vertebrae and inter-
vertebral discs, and the severity of the phenotype increases
cephalocaudally. Furthermore, the acromion is reduced or
absent in the pectoral girdle (Gru¨neberg, 1954; Wallin et al.,
1994). The targeted null mutation of the Pax1 gene causes a
skeletal phenotype resembling that of un/un mutants, in-
cluding defects in acromion formation and in the patterning
of the vertebrae (Wilm et al., 1998).
Along with the acromion malformations, skeletal anoma-
lies encountered in both Hoxa5 mutants and un/un mice
include the absence of the tuberculum anterior on C6 and
the reduction or the absence of the spinous process on T2
(Gru¨neberg, 1954; Aubin et al., 1998). These skeletal phe-
notypes are encompassed within domains of coexpression
of the Hoxa5 and Pax1 genes during embryogenesis, raising
the possibility of a genetic interaction between Hoxa5 and
Pax1 genes during skeletogenesis (Deutsch et al., 1988;
Timmons et al., 1994; Aubin et al., 1998; Larochelle et al.,
1999). This hypothesis is further supported by the observa-
tion that Hox and Pax genes interact in the development of
other organ systems. For instance, during dorsoventral
patterning of the hindbrain, it has been shown that the
normally restricted dorsoventral expression pattern of Pax3
and Pax6 genes requires Hox paralogous group 2 genes
(Davenne et al., 1999). Thymus ontogeny also relies on Hox
and Pax gene functions (Chisaka and Capecchi, 1991; Con-
die and Capecchi, 1994; Manley and Capecchi, 1995, 1997;
Wallin et al., 1996; Su and Manley, 2000; Su et al., 2001).
Hence in Hoxa3 mutants, thymic reduction is associated
with a downregulation in Pax1 expression, implying that
Pax1 is positioned either directly or indirectly downstream
of Hoxa3 (Manley and Capecchi, 1995). Furthermore, the
loss of Hoxa3 and Pax1 gene functions has revealed that
they act in a synergistic and dosage-dependent fashion
during thymus and parathyroid development (Su and Man-
ley, 2000; Su et al., 2001).
To examine whether a common pathway involving
Hoxa5 and Pax1 genes underlies the formation of the
pectoral girdle, we generated compound mutants between
Hoxa5 mutant mice and un animals, and we performed
genetic and expression analyses. Our studies provide evi-
dence that, whereas Pax1 is an early key regulator of the
determination of prechondrogenic condensation, Hoxa5 is
necessary for the correct specification of cell lineages dur-
ing chondrogenesis in a Sox9-dependent way. Furthermore,
Hoxa5 may provide regional cues essential for the correct
formation of the acromion by ensuring that Pax1 expression
is initiated properly.
MATERIALS AND METHODS
Mouse Strains and Genotyping
The Hoxa5 mutant strain production and genotyping by South-
ern analysis have been previously described (Jeannotte et al., 1993).
un mice were purchased from The Jackson Laboratory (Bar Harbor,
ME). They were genotyped by Southern analysis according to
Balling et al. (1988), using a HincII–SacI fragment from the Pax1
cDNA encompassing the HaeIII mutation in the paired box of the
Pax1 gene.
For skeletal, histological, and in situ hybridization (ISH) analyses
involving compound mutants, the genetic background was leveled
by crossing Hoxa5 outbred (MF1-C57BL/6–129/SvEv) mutant mice
with un (C57BL/6-C3F) mice. The resulting genetic environment is
referred to as the mixed genetic background thereafter. The latter
mice were used to generate animals of all possible genotypes. Mice
from generations N1 to N5 were included in this study. For
embryonic samples, the morning of the vaginal plug was consid-
ered as embryonic day (e) 0.5. Assessment of the developmental
stage of e10–e11 embryos was established according to the number
of somites.
Skeleton Preparations
Alcian blue and alizarine red staining were performed on new-
born and adult skeletons as described in Aubin et al. (1998). Since
no ossification has yet occurred at e13.5, embryonic skeletons were
only stained with Alcian blue with the following modifications:
the time of staining was reduced to 3 days, and specimens were
incubated in 1% KOH subsequently to Alcian blue staining.
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Skeletons were observed, and the left and right sides of each
vertebra as well as the left and right acromions were scored
independently for bilateral markers. For e13.5 embryos, only the
acromions were observed. The number of specimens analyzed is
indicated in Table 1.
RNA in Situ Analyses
The whole-mount ISH (WISH) protocol was performed as de-
scribed in Wilkinson and Nieto (1993), whereas radioactive ISH of
tissue sections was based on the protocol described in Jaffe et al.
(1990). The following murine fragments were used as templates for
synthesizing either digoxigenin or [35S]UTP-labeled riboprobes: a
850-bp BglII–HindIII genomic fragment containing the 3-
untranslated region of the second exon of the Hoxa5 gene; a 426-bp
SacII–HindIII fragment cloned by PCR corresponding to the 3-
untranslated region of the Pax1 gene; a 719-bp fragment from the
extracellular portion of the platelet-derived growth factor  recep-
tor gene (PDGFR); a 1-kb SmaI–EcoRI fragment of the bone
morphogenetic protein 4 gene; a 609-bp EcoRI–SmaI fragment of
the TGF3 gene; a 1.8-kb EcoRI fragment from the Indian hedge-
hog cDNA (Ihh); a 500-bp Sox9 cDNA fragment 3 to the HMG box;
a 170-bp PstI–AvaI fragment of exon 2 of the mouse collagen 2  1
gene (Col21); and a 1-kb fragment of the Col11 gene.
The number of specimens tested for each probe was as follow:
For the Hoxa5 probe: at e10.5, 17 wt, 9 Hoxa5/, 13 un/un, 4
Hoxa5/;un/un, 3 Hoxa5/;un/, and 5 Hoxa5/;un/un embryos
for WISH, and 2 wt, 4 Hoxa5/, and 4 un/un embryos for ISH; at
e12.5, 6 wt, 7 Hoxa5/, and 7 un/un specimens for WISH, and 2 wt,
3 Hoxa5/, and 3 un/un embryos for ISH; at e13.5 and e14.5, 4 wt
TABLE 1
Axial and Appendicular Skeleton Morphology According to the Hoxa5 and Pax1 Genotypes Observed in Adult,




Mixed genetic background Outbred
/ / / / / / / / / /
/ / / / / / / / / /
Adults
Tuberculum anterior on C6a
normal 10 14 0 15 27 0 0 0 0
absent 0 0 0 0 0 7 4 6 4
abnormal 0 0 10b 1 1b 15b 0 0 0
Acromiona
present 10 7c 0 15c 21 0 2 1 0
absent 0 0 10 0 0 22 0 0 4
abnormal (e.g. short, interrupted) 0 6 0 0 7 0 2 5 0
Number of animals analyzed 5 7 5 8 14 11 2 3 2
Newborns
Spinous process on T1
absent 6 3 2 3 2 2 2 0 0
present 1 2 2 2 3 6 4 13 6
Spinous process on T2
normal 6 5 0 5 3 0 2 3 0
absent/reduced 1 0 4 0 2 8 4 10 6
Acromiona
present 14 10 0 10 10 0 12 19 0
absent 0 0 8 0 0 16 0 1 8
abnormal (e.g. short, interrupted) 0 0 0 0 0 0 0 6 4
Number of animals analyzed 7 5 4 5 5 8 6 13 6
e13.5 embryos
Acromiona
present 40 78 62 42 95 12 31 19 4 13
long 40 78 0 40 91 0 31 17 2 5
short 0 0 62 2 4 12 0 2 2 8
interrupted 0 0 0 0 2 0 0 0 0 0
absent 0 0 0 0 1 12 1 1 10 9
Number of embryos analyzed 20 39 31 21 49 12 16 10 7 11
a Left and right sides were scored independently.
b Specimens show a smaller structure.
c One acromion was broken and was not examined.
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samples for ISH. For the Pax1 probe: at e10.5, 17 wt, 18 Hoxa5/,
2 un/un, 4 Hoxa5/;un/un, 4 Hoxa5/;un/ and 4 Hoxa5/;
un/un embryos for WISH, and 2 wt, 4 Hoxa5/, and 4 un/un
embryos for ISH; at e12.5, 4 wt, 5 Hoxa5/, and 5 un/un specimens
for WISH, and 2 wt, 5 Hoxa5/, and 3 un/un embryos for ISH; at
e13.5 and e14.5, 2 wt samples for ISH. For all the other genes tested,
only ISH experiments on sections were performed. The number of
specimens for each probe tested was as follows: For the Col21
probe: at e10.5, 2 wt, 4 Hoxa5/, and 4 un/un embryos; at e12.5, 2
wt, 3 Hoxa5/, and 3 un/un embryos; at e13.5, 5 wt, 8 Hoxa5/,
and 2 un/un embryos; and at e14.5, 5 wt, 8 Hoxa5/, and 3 un/un
embryos. For the Sox9 probe: at e13.5, 3 wt, 5 Hoxa5/, and 2
un/un embryos; and at e14.5, 3 wt, 4 Hoxa5/, and 3 un/un
embryos. For the Col11 probe: at e14.5, 3 wt, 4 Hoxa5/, and 3
un/un embryos. For each specimen, both acromion and scapula
regions were analyzed.
Histology, Cellular Proliferation, and Apoptosis
Analyses
Frontal sections (6 m) of e13.5 (12 wt, 12 Hoxa5/, 7 un/un, 4
Hoxa5/;un/, 5 Hoxa5/;un/un) paraffin-embedded embryos
were stained with Alcian blue according to standard histochemical
procedures to identify chondrification processes in the scapular
belt. A mouse monoclonal antibody directed against the prolifer-
ating cell nuclear antigen (PCNA; Dako Diagnostics, Canada) was
used for immunohistochemical detection of actively dividing cells
following the manufacturer’s instructions on near adjacent sec-
tions of the specimens. In addition, the presence of apoptotic cells
was determined by terminal transferase (TdT) DNA end labeling as
described by Giroux and Charron (1998).
RESULTS
Genetic Analyses of the Skeletal Phenotype of
Hoxa5, Pax1, and Compound Mutants
Mutation in the Hoxa5 gene leads to homeotic transfor-
mations of the axial skeleton affecting vertebra C3 to T2,
and to anomalies in the pectoral girdle. The latter pheno-
type is specifically encountered in animals from an outbred
genetic background (Aubin et al., 1998). Hoxa5 mutant
mice share some skeletal phenotypes with un mutants,
including the absence of tuberculum anterior on C6, the
reduction or absence of the spinous process on T2, and the
malformation of the acromion (Gru¨neberg, 1954; Jeannotte
et al., 1993; Aubin et al., 1998). To investigate a potential
genetic interaction between Hoxa5 and Pax1 in the forma-
tion of the skeleton, Hoxa5 mutant animals of the outbred
strain were bred with un mice, and the consequences on
skeletal formation were examined in compound mutants
(Table 1). Since skeletal anomalies in Hoxa5 mutants are
restricted to the cervical and upper thoracic regions, par-
ticular attention was paid to the structures at this axial
level. Neither the expressivity nor the penetrance of
anomalies solely attributed to the un mutation in the rest of
the skeleton was affected by the presence of mutated Hoxa5
alleles (e.g., the reduction of the vertebral bodies in the
lumbar region; not shown).
Skeletal analyses showed that alterations of vertebrae C3
and C4 were scored at a similar frequency in compound
mutants than that obtained for Hoxa5 mutants. The pat-
terning of C5 was not affected in single and double mutants,
while the presence of cervical ribs on vertebra C7 was a
Hoxa5-specific phenotype (not shown). Thus, no interac-
tion occurred between Hoxa5 and Pax1 genes in the pat-
terning of these cervical vertebrae. In contrast, cooperation
between both genes was observed in the elaboration of the
tuberculum anterior on vertebra C6. In all Hoxa5/ mu-
tants observed, the tuberculum anterior was absent. In
adult un mutants, the tuberculum anterior was smaller but
never absent, whereas it was not detected in newborns,
suggesting that its formation was delayed (Table 1; not
shown). Alternatively, ossification in adult samples could
have rendered more visible smaller structural alterations
of the tuberculum anterior. Although the phenotypic
outcome of the ventral patterning of C6 was different
between the two mutant strains, the introduction of one
Hoxa5 mutant allele in un/un mice caused the absence of
the tuberculum anterior in a significant proportion of
Hoxa5/;un/un adults, indicating a synergism between
these genes (Table 1).
Hoxa5 and Pax1 also interacted in the formation of
vertebra T1 (Table 1). In Hoxa5 or un strains, 50–66% of
the mutant newborns displayed a spinous process on T1.
The introduction of one mutant allele in the other mutant
background increased the penetrance of this transforma-
tion. For vertebra T2, the absence of the dorsal process was
observed in all un/un newborn mutants, whereas two-
thirds of Hoxa5/ mutants presented the phenotype
(Table 1). However, the presence of an un allele in the
context of the Hoxa5 mutant background increased the
penetrance of the transformation of T2. For instance, the
proportion of affected individuals rose with the number of
mutant alleles present: 66% Hoxa5/ vs 77% Hoxa5/;
un/ and 100% Hoxa5/;un/un mutants. In summary, the
analysis of the axial skeleton of single and double mutants
revealed that Hoxa5 and Pax1 genes genetically cooperate
in the formation of C6, T1, and T2.
We next examined whether a genetic relationship exists
between Hoxa5 and Pax1 gene products in acromion forma-
tion. As previously reported for un specimens, acromions of
all un/un mutants were affected (Gru¨neberg, 1954; Tim-
mons et al., 1994). At e13.5, un/un embryos presented short
anlagen compared to newborn and adult specimens (Table
1; Figs. 1C, 1G, and 1L) (Dietrich and Gruss, 1995). As the
malformation of the acromion in Hoxa5 mutants is depen-
dent on the genetic background, it was essential to deter-
mine whether the mixed genetic environment generated by
the intercross of Hoxa5 mutants from the outbred back-
ground (MF1-C57BL/6–129/SvEv) with un mutants (C57BL/
6-C3F) modulated the appearance of the phenotype in the
pectoral girdle. Indeed, acromion alterations in Hoxa5/
mutants were occasionally observed in the mixed genetic
environment at all stages examined. For instance, out of 16
e13.5 Hoxa5/ embryos derived from the mixed genetic
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background, only 1 showed a unilateral absence of the
acromion. In contrast, anomalies were detected in 17 out of
22 acromions observed in a cohort of Hoxa5/ embryos
from the outbred background (Fig. 1B; Table 1). As well,
none of the Hoxa5/ newborns from the mixed genetic
environment were affected, compared with 60% of the
specimens from the outbred strain (Figs. 1F and 1I) (Aubin
et al., 1998).
Even though the mixed genetic background attenuated
the acromion phenotype caused by the Hoxa5 mutation, a
genetic cooperation between Hoxa5 and Pax1 during acro-
mion formation was revealed (Table 1; Figs. 1D, 1H, and
1M). At e13.5, no single heterozygous mutant of both
strains displayed an interruption or an absence of the
acromion, while these anomalies occurred in a small num-
ber of Hoxa5/;un/ samples. Moreover, at e13.5, the
addition of a Hoxa5 mutant allele in the un/un mutant
background led to a high percentage of animals missing
acromions. As well, the addition of one Pax1 mutant allele
in the Hoxa5/ mutant context resulted in malformations
in a significant proportion of newborn and adult animals.
Finally, at the different stages observed, the spina scapula of
FIG. 1. Pectoral girdle defects in the appendicular skeleton of Hoxa5 (B, F, K, I), un (C, G, L), and Hoxa5/;un/un (D, H, M) mutants.
Skeletons of e13.5 embryos (A–D), newborns (E–I), and adults (J–M) were stained with Alcian blue (cartilage), and alizarin red (bones). Lateral
views allow to visualize the acromion (arrowhead) that seems to emerge from the scapula blade. The right and left scapula are shown for
newborns. In wild-type samples (A, E, J), the acromion was always present. At e13.5, the acromion was absent in one Hoxa5/ specimen
(B), whereas the structures were severely reduced in all un/un specimens (C). In Hoxa5/ newborns, the acromion of animals of the mixed
genetic background (F) were unaffected, in contrast to what was observed in the outbred background (I). Adult Hoxa5/ mutants displayed
acromion anomalies (K). The acromion was missing in all un/un newborn (G) and adult (L) mutants. In compound mutants, the scapula
spina was more flattened compared with single mutants, indicating that the expressivity of the phenotype was enhanced (D, H, M).
FIG. 2. Dynamics of expression of the Hoxa5 and Pax1 genes during acromion formation. Near adjacent frontal sections of e10.5 (A–D),
e12.5 (E–H), e13.5 (I–L), and e14.5 (M–P) wild-type embryos were hybridized with Hoxa5- (B, F, J, N), Col21- (C, G, K, O), and Pax1- (D,
H, L, P) specific probes. Prechondrogenic and chondrogenic structures can be visualized with the Col21 probe. Acromions are indicated
by arrowheads. Bright fields of (C), (F), (J), and (N) are shown in (A), (E), (I), and (M), respectively. At e10.5, prior to acromion formation,
Hoxa5 was broadly expressed in the pectoral region (B). Pax1 transcripts were found in the anteroproximal part of the forelimb (D), laterally
to the scapulohumeral blastema, a region of Col21-expressing cells (C). At e12.5, the scapula blade and the acromion were readily
visualized with the Col21 probe (G). At this stage, high levels of Hoxa5 expression were observed in the condensing mesenchymal cells
forming the acromion, while a basal expression occurred throughout the region (F). Pax1 expression was restricted to prechondrogenic cells
of the acromion and in its periphery (H). A day later, Hoxa5 expression was stronger in the perichondrial cells surrounding the acromion
(J), while Pax1 transcripts were detected in the vicinity of the structure (L). When ossification began at e14.5, Hoxa5 expression ceased,
while Pax1-expressing cells were still present (P).
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all Hoxa5/;un/un compound mutants was flattened com-
pared to those of single mutants (Figs. 1B–1D, 1F–1H, and
1K–1M). Taken together, these observations indicated that
the expressivity of the phenotype was more severe in the
absence of both Hoxa5 and Pax1 gene function.
Hoxa5 and Pax1 Gene Expression during
Formation of the Acromion
It has been proposed that the acromion is not composed
of cells from the main body of the scapula, but is formed
somewhat later by the gradual condensation of Pax1-
expressing mesenchymal cells onto the ventral end of the
spina scapula (Timmons et al., 1994). To define the role of
Hoxa5 during acromion formation, we compared the pro-
files of expression of Hoxa5 and Pax1 genes at the onset of
the development of the scapular belt, and during chondro-
genesis up until ossification of the structure. Near adjacent
frontal sections from e10.5, e12.5, e13.5, and e14.5, wild-
type embryos were hybridized with Hoxa5 and Pax1 radio-
labeled RNA probes. In parallel, a Col21 probe was used as
a marker of prechondrogenic and chondrogenic structures
that, along with Pax1 expression, allowed to define the
location of the emerging acromion (Cheah et al., 1991;
Timmons et al., 1994).
At e10.5, condensation of the scapulohumeral blastema
could be visualized by the detection of Col21 transcripts
in the forelimb (Fig. 2C). Its formation precedes that of the
acromion by at least 24 h (Timmons et al., 1994). At this
stage, while Hoxa5 was broadly expressed in the mesen-
chyme of the forelimb, Pax1 expression was restricted to
the anteroproximal portion of the limb bud in a domain
lateral to the region of Col21-positive mesenchyme (Figs.
2B–2D). At e12.5, Col21 expression marked mesenchymal
prechondrogenic cells that gradually condensed to form the
scapula blade and the acromion (Fig. 2G). Concomitantly,
Hoxa5 and Pax1 were expressed in the mesenchymal con-
densation of the acromion (Figs. 2F and 2H). The scapula
blade remained negative for Pax1, while Hoxa5 was ex-
pressed at a basal level throughout the region. Thus, solely
cells recruited to form the acromion expressed high levels
of Hoxa5 transcripts in the pectoral girdle. At e13.5, Hoxa5
expression was stronger in cells surrounding the acromion
(Fig. 2J). These cells were also positive for Col11, a marker
of the perichondrium (Liska et al., 1994; not shown).
Perichondrial cells were morphologically distinct from
chondrocytes as they presented a flattened shape (see Fig.
5B). At the same stage, Pax1 expression decreased in the
acromion, remaining elevated in the periphery of the struc-
ture (Fig. 2L). When the ossification of the structure began
at e14.5, Hoxa5 transcripts were no longer detected,
whereas Pax1 expression decreased in the proximal part of
the acromion, remaining strong distally (Figs. 2N and 2P)
(Timmons et al., 1994; not shown). Altogether, these re-
sults showed that Hoxa5 expression correlated with differ-
ent steps of skeletogenesis of the acromion, being first
expressed in the presumptive pectoral region (e10.5), and
then restricted to the prechondrogenic condensing cells of
the acromion (e12.5). When the differentiation program of
chondrogenesis was underway (e13.5), Hoxa5 was tran-
siently expressed in perichondrial cells, and then its expres-
sion was turned off when ossification occurred (e14.5).
Hoxa5 and Pax1 Expression in the Mutant
Backgrounds
Experimental data have shown that the loss of Hox gene
function can be associated with a downregulation in Pax
gene expression (Manley and Capecchi, 1995; Davenne et
al., 1999). To test whether Hoxa5 and Pax1 functions are
required to maintain each other’s gene expression in the
developing acromion, we analyzed the expression of both
genes in single and compound mutant embryos. As malfor-
mation of the acromion did not frequently occurred in
Hoxa5/ mutants of the mixed genetic background, expres-
sion analyses were performed with Hoxa5 single mutant
embryos from outbred and mixed backgrounds.
We first did comparative WISH at e12.5 (Figs. 3A–3F). The
domain of expression of Hoxa5 and Pax1 genes in the region
where the acromion arises was clearly visualized in wild-
type embryos (Figs. 3A and 3D). As previously demon-
strated, mutated forms of Hoxa5 transcripts are generated
from the null allele and these transcripts are detectable by
the Hoxa5 probe (Jeannotte et al., 1993; Aubin et al., 1998).
Hybridization experiments on Hoxa5/ embryos revealed
that, in addition to the posterior shift of the anterior limit of
expression of Hoxa5 in the prevertebral column previously
described, Hoxa5 expression was lost in the pectoral girdle
(Figs. 3A and 3B) (Aubin et al., 1998). This observation was
confirmed by ISH on embryo sections, which showed that
the basal expression normally observed in the scapula
region was not present in the tissue surrounding the acro-
mion in Hoxa5/ embryos (Figs. 3G and 3H).
We also verified whether Pax1 expression was impaired
in e12.5 Hoxa5/ embryos (Figs. 3D and 3E, 3M and 3N).
No difference in the expression pattern of Pax1 could be
found between wild-type and Hoxa5/ samples. In addi-
tion, Col21 expression in the presumptive acromion was
unchanged in Hoxa5 mutant specimens (Fig. 3K). There-
fore, the loss of Hoxa5 gene function only perturbed its own
expression in the scapular belt region.
In all e12.5 un/un embryos tested, the Hoxa5 and Pax1
gene expression patterns in the acromion area were similar
to the ones observed in wild-type embryos as confirmed by
expression studies on sections (Figs. 3A, 3C, 3D, 3F, 3G, 3I,
3M, and 3O). However in contrast to what was observed in
Hoxa5/ specimens, Col21 was not expressed in the
region where the acromion normally developed in un/un
embryos (Fig. 3L). Therefore, mutation of the Pax1 gene did
not interfere with the expression of the Hoxa5 gene, despite
the perturbed chondrogenesis of the acromion of un/un
mutants reflected by the absence of Col21 transcripts.
Even though no change in the expression of each gene
was observed in the other mutant background at e12.5, we
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investigated the possibility that the onset of expression of
either gene could be perturbed, as both genes are expressed
in the prospective pectoral girdle region prior to acromion
formation (Figs. 2B and 2D). We therefore looked at the
expression of Hoxa5 and Pax1 genes at e10.5 (Fig. 4). Hoxa5
expression was comparable in wild-type and un/un mutant
embryos, showing that, as for e12.5, the un mutation did
not interfere with Hoxa5 gene expression (Figs. 4A, 4B, 4G,
and 4I). Furthermore, in Hoxa5/ specimens, Hoxa5 ex-
pression appeared less intense in the Col21-positive area
corresponding to the pectoral girdle (Figs. 4G, 4H, and 4K).
Pax1 expression initiates around e10 in the forelimbs
(Timmons et al., 1994). When we tested for the expression
of Pax1 in e10.5 Hoxa5/ embryos, a reduction in the
intensity of hybridization was observed in the proximal part
of the forelimbs (Figs. 4D, 4E, 4M, and 4N). This decrease in
expression was specific to the pectoral region since it was
not detected in axial structures. Pax1 expression was not
modified in un/un embryos at e10.5 (Figs. 4M and 4O). We
also examined Hoxa5 and Pax1 gene expression in e10.5
compound mutants (Figs. 4C and 4F; not shown). Reduced
Pax1 expression occurred in compound mutants carrying at
least one un allele in a Hoxa5 homozygous mutant context,
as shown for the double mutant embryos (Fig. 4F). Pax1
expression resumed to wild-type levels in single Hoxa5/
and in compound mutants later on (not shown).
PDGFR mutant mice also display a missing acromion
(Soriano, 1997). Moreover, it was shown that, in PDGFR
mutant embryos, Pax1 expression in the pectoral girdle is
downregulated. Therefore, we verified whether the Hoxa5
mutation could affect PDGFR gene expression, thereby
altering Pax1 expression in Hoxa5 mutants. By ISH analy-
ses at e10.5, e12.5, and e13.5, similar patterns of PDGFR
expression were obtained in wild-type and Hoxa5/ em-
bryos (not shown). Thus, the loss of Hoxa5 function tran-
siently perturbed the expression of Pax1 around e10.5 in the
pectoral region in a PDGFR-independent way, but normal
Pax1 expression resumed afterwards.
Acromion Morphogenesis in Hoxa5 and Pax1
Mutant Embryos
As Hoxa5 and Pax1 gene functions are essential for
proper acromion morphogenesis, we examined by histology
whether the phenotypic outcome of the acromion was
similar in single and compound mutants. We first looked at
the chondrification of the acromion by using Alcian blue
staining, which reveals cartilage formation by reacting to
sulfated proteoglycans deposited in the cartilage matrix.
Compared with wild-type specimens, no delay in formation
of the pectoral structures was detectable in e12.5 mutant
embryos of both single mutant strains (not shown). At
e13.5, Alcian blue intensely stained the scapula blade and
the acromion in wild-type specimens (Figs. 5A and 5B). In
contrast, both Hoxa5 and un/un mutant acromions were
lightly colored, indicating abnormal chondrogenesis and
matrix deposition (Figs. 5D, 5G, and 5J). At higher magni-
fication, the perichondrium and chondrocytes were readily
distinguishable in wild-type samples, but in Hoxa5/ mu-
tants, cells abutting abnormal chondrocytes rarely acquired
a flattened fibroblastic-like conformation, indicating that
the perichondrial layer was affected. Indeed, the perichon-
drial cells were more akin to the surrounding mesenchymal
population (Figs. 5B, 5E, and 5H). In un/un mutants, a faint
blue-colored area could be distinguished but no chondro-
cyte or perichondrial cell could be clearly identified in the
region where the acromion should have arisen (Fig. 5K). The
latter observation was in concordance with the develop-
ment of a ligament replacing the acromion in un mice
(Gru¨neberg, 1954; not shown). In Hoxa5/;un/ samples,
Alcian blue staining appeared relatively normal with few
exceptions that presented a slightly disorganized structure
as shown in Figs. 5M and 5N. In contrast, double mutant
specimens completely lacked staining in the presumptive
acromion region (Figs. 5P and 5Q).
In order to define whether altered proliferation or pro-
grammed cell death participate in the histological anoma-
lies observed for the acromion of Hoxa5 and Pax1 single and
compound mutant strains, we performed PCNA immuno-
histochemistry and TUNEL assays. PCNA marks actively
dividing cells. In wild-type specimens, the majority of the
perichondrial cells of the acromion had withdrawn from the
cell cycle, as these cells did not react with the antibody. In
contrast, chondrocytes were actively dividing (Fig. 5C).
However, in Hoxa5/ mutants, PCNA labeling was very
strong in all cells of the acromion, including those at the
periphery of the chondrogenic condensation (Figs. 5F and
5I). Even in less affected Hoxa5 mutant specimens, the
proliferative status of perichondrial cells was higher than
that of wild-type samples (not shown). In un/un mutants,
FIG. 3. Comparative expression analysis of Hoxa5 and Pax1 genes in e12.5 wild-type (A, D, G, J, M), Hoxa5/ (B, E, H, K, N), and un/un
(C, F, I, L, O) mutant embryos. WISH and ISH experiments were performed on embryos and on near adjacent frontal sections using either
Hoxa5 (A–C and G–I) or Pax1 (D–F and M–O) probes. The Col21 probe was used on sections to visualize prechondrogenic structures (J–L).
The pectoral girdle is indicated by a black arrow and the acromion by a white arrowhead. Compared with wild-type samples (A), a shift from
pv3 to pv10 in Hoxa5 expression was observed in the prevertebral column of Hoxa5/ specimens (open arrowheads), and in the prospective
region of the pectoral girdle (B). Loss of Hoxa5 expression in the scapular region was confirmed by ISH on sections (G, H). In contrast, no
change in Hoxa5 expression was observed in un/un embryo (C, I). Pax1 expression remained unaltered in Hoxa5/ (E, N) and un/un
mutants (F, O) when compared to wild-type samples (D, M). Whereas Col21 expression was detected in cells forming the acromion in
Hoxa5/ embryos (K), no Col21 transcripts could be observed in the prospective acromion of un/un mutants (L).
103Hoxa5 Function during Acromion Formation
© 2002 Elsevier Science (USA). All rights reserved.
104 Aubin et al.
© 2002 Elsevier Science (USA). All rights reserved.
105Hoxa5 Function during Acromion Formation
© 2002 Elsevier Science (USA). All rights reserved.
although no acromion had formed, PCNA-negative cells
were detected in the presumptive region, revealing the
presence of a population of resting cells (Fig. 5L). In
Hoxa5/;un/ mutants, PCNA staining resembled that of
the wild-type condition, while double mutant embryos did
not show any nonproliferating cells (Figs. 5O and 5R). Thus,
the loss of Hoxa5 function correlated with the persistent
proliferation of the perichondrial cells in the region of the
acromion.
We also searched for the presence of apoptotic cells in the
pectoral girdle of e13.5 specimens. Comparative analyses of
apoptosis in wild-type, single, and compound mutant
samples failed to unveil any difference. Indeed, apoptotic
cells were rarely observed in the acromion or in its vicinity
(not shown). Therefore, the loss of the acromion in Hoxa5
and un mutants was not caused by an increase in apoptosis.
Chondrogenesis of the Acromion in Hoxa5/
Mutants
To characterize the cell fate of chondrogenic cells in the
acromion of Hoxa5 mutants, we analyzed the expression
profile of markers of chondrogenesis (Hogan, 1996; Hall and
Miyake, 2000). By ISH, no difference was observed in the
expression of Bmp4 at e13.5, Ihh at e12.5 and e13.5, and
TGF3 at e13.5 and e14.5 in the acromion of Hoxa5/ and
wild-type specimens (not shown).
We also assessed whether the loss of Hoxa5 function
altered the expression of Sox9, a gene which encodes a
high-mobility group domain transcription factor acting as a
master determinant of chondrocyte differentiation and car-
tilage formation (Bi et al., 1999). Sox9 binds to essential
chondrocyte-specific enhancer sequences in the Col21
promoter (Bell et al., 1997). At e13.5, Sox9 was strongly
expressed in chondrocytes of the acromion in wild-type
specimens, whereas in Hoxa5/ specimens, the level of
expression of the gene was reduced (Figs. 6D–6F). Further-
more, the decrease in signal intensity observed with the
Col21 probe on near-adjacent sections paralleled that of
Sox9 (Figs. 6G–6I).
However at e14.5, two situations prevailed. Four
Hoxa5/ specimens were analyzed, and the presence of an
acromion was detected in five out of eight possibilities. In
cases where an acromion had formed, the expression of the
Sox9 and Col21 genes was enhanced by 49 and 53%,
respectively, compared with wild-type specimens (Figs. 6M
and 6N, 6P and 6Q; Table 2). In contrast, Sox9 and Col21
transcripts were undetectable when the acromion did not
form (Figs. 6L, 6O, and 6R). We used the Col11 expression
to delineate the boundary of the perichondrium of the
acromion. In Hoxa5/ embryos, the distribution of Col11-
expressing cells in the acromion was less defined, in agree-
ment with our observation that the perichondrial cell layer
had not properly formed (Figs. 5D–5H, 6S, and 6T). When
Sox9 and Col21 expression was below detectable levels at
e14.5, Col11 transcripts were present in the presumptive
acromion region but exhibited a pattern resembling that
observed in ligaments or tendons (Figs. 6O, 6R, and 6U)
(Liska et al., 1994). Therefore, loss of Hoxa5 function led to
abnormal formation of the perichondrium and altered Sox9
and Col21 expression during chondrogenesis, resulting in
the arrest of chondrogenesis in the most severely affected
specimens.
DISCUSSION
In this report, we show that Hoxa5 and Pax1 cooperate in
the formation of vertebrae C6, T1, and T2, as well as that of
the acromion in the pectoral girdle. While Hox and Pax
genes are known to interact in neural tube patterning,
thymus, and parathyroid ontogeny, to our knowledge, the
experimental data presented here are the first to demon-
strate a genetic cooperation between the two gene families
during skeletogenesis (Manley and Capecchi, 1995;
Davenne et al., 1999; Su and Manley, 2000; Su et al., 2001).
Hoxa5 and Pax1 are coexpressed over a large domain along
the developing vertebral column, but they are functionally
linked at the axial level comprised between vertebrae C6
and T2. The positioning of the pectoral girdle is also aligned
with the cervicothoracic transition region (Burke et al.,
1995). This area corresponds to an axial domain particularly
sensitive to the loss of Hoxa5 function (Jeannotte et al.,
1993; Aubin et al., 1998). Indeed, Hoxa5 has a major role in
the ventral patterning of C6, as all Hoxa5/ specimens
have no tuberculum anterior. Pax1 also participates in the
development of the latter structure, but its action is less
predominant since the un mutation results in the formation
of a smaller tuberculum anterior. In contrast, during acro-
FIG. 4. Comparative expression analysis of Hoxa5 and Pax1 genes in e10.5 wild-type (A, D, G, J, M), Hoxa5/ (E, H, K, N), un/un (B, I,
L, O), and Hoxa5/;un/un (C, F) mutant embryos. WISH and ISH experiments were performed on embryos and on near adjacent frontal
sections by using either Hoxa5 (A–C and G–I) or Pax1 (D–F and M–O) probes. The Col21 probe was used on sections to visualize
prechondrogenic structures (J–L). For the Hoxa5/ specimen, the plane of sectioning is more transverse (H, K, N). Hoxa5 expression was
normal in un/un mutants (A,B, G, I). However in Hoxa5/ mutants, Hoxa5 expression was slightly decreased in the proximal region of the
forelimb compared to wild-type specimens (G, H). Loss of Hoxa5 function resulted in reduced Pax1 expression in the pectoral region (D,
E, M, N). Pax1 expression remained unaltered in un/un mutants (M, O). Hoxa5 (A, C) and Pax1 (D, F) expression was decreased in the
prospective pectoral region of Hoxa5/;un/un mutants. Moreover, a posterior shift of the anterior limit of expression of Hoxa5 along the
anteroposterior axis occurred in Hoxa5/;un/un mutants (C).
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mion morphogenesis, Pax1 has a more preponderant role
compared to Hoxa5 (Aubin et al., 1998).
In the absence of Pax1 function, there is a spatial expan-
sion and upregulation of Pax9 expression to compensate in
sclerotome development (Peters et al., 1999). Therefore, it
is likely that Pax9 action may mask the effect of the loss of
Pax1 function in the formation of the tuberculum anterior
on C6, resulting in a milder phenotype. A more profound
interaction between Hoxa5 and Pax1 might be unveiled by
looking at the impact of the loss of Hoxa5 function in
vertebral patterning in a Pax1/Pax9 mutant context. During
acromion morphogenesis, Pax9 is not expressed in the
prospective pectoral girdle region and thus, may not substi-
tute for Pax1 (Neubu¨ser et al., 1995; LeClair et al., 1999).
The stronger acromion phenotype in un mice compared
with the one seen in Hoxa5 mutants can be explained by
the proposed role of Pax1 in the recruitment and/or prolif-
eration of mesenchymal cells (Timmons et al., 1994). This
is in agreement with the expression pattern of Pax1 in the
anteroproximal portion of the forelimb prior to condensa-
tion of mesenchymal cells onto acromion cartilage anlagen.
The mechanism of action of Pax1 in acromion chondrogen-
esis is further supported by analogous observations related
to its function during sclerotomal development (Peters et
al., 1999). Thus, Pax1 might act as a key regulator of the
determination of prechondrogenic condensation. At the
same stage, Hoxa5 is expressed throughout the presumptive
pectoral girdle region, rather supporting a role in providing
regional cues in concert with other Hox genes to specify
where the pectoral girdle should arise (Burke et al., 1995).
For instance, Hoxb5 is essential for the correct positioning
of the shoulder girdle (Rancourt et al., 1995). The transient
FIG. 5. Comparative histological analysis of the pectoral girdle of e13.5 wild-type (A–C), Hoxa5/ (D–I), un/un (J–L), Hoxa5/;un/
(M–O), and Hoxa5/;un/un (P–R) mutant embryos. Alcian blue staining (A, B, D, E, G, H, J, K, M, N, P, Q) and proliferation (C, F, I, L, O,
R) analyses were performed on near adjacent frontal sections. For Alcian blue staining, higher magnifications of the acromion are
represented in (B), (E), (H), (K), (N), and (Q). In wild-type samples (A, B), the acromion (a) was clearly defined as a circular structure located
near the scapula (s), and the perichondrium (p) was aligned around the chondrocytes (c). In Hoxa5/ embryos (D, E and G, H), the acromions
were weakly stained (open arrowheads), the perichondrium appeared more diffused, and the chondrocytes were less defined. The Hoxa5/
specimen shown in (G, H) was more severely affected. In un/un specimens (J, K), only a faint colored area could be observed (open arrow).
Hoxa5/;un/mutants presented a slightly abnormal structure (M, N). In contrast in double mutants, neither Alcian blue-stained cells nor
perichondrium could be distinguished (black arrow; P, Q). Proliferation analyses using a PCNA antibody revealed that, whereas perichondrial
cells of wild-type samples were not proliferating (C), PCNA-negative cells were rarely observed in the acromion of Hoxa5/ mutants (F,
I). In un/un mutants, even though no acromion had formed, some cells had retreated from the cell cycle (L). While PCNA staining seemed
normal in Hoxa5/;un/ mutants (O), double mutants did not show any evidence of cell cycle arrest (black arrowhead; R).
TABLE 2
Comparison of Overall Grain Density for Sox9 and Col21 in Acromion Chondrocytes of e14.5 Wild-Type and Hoxa5 Mutant Embryos
Nuclear grain densitya
Change (%) Mean (%)wt Hoxa5/
Sox9
Expt. 1 6.42  1.03 7.37  0.62
6.28  1.02 9.83  1.55
6.03  1.04 9.84  1.09
Mean Expt. 1 6.23  0.77 9.29  1.30 49 49 (P  0.003)
Col21
Expt. 1 5.36  0.79 8.90  1.51
6.42  0.76
7.97  1.61
Mean Expt. 1 5.36  0.79 7.50  1.10 40
Expt. 2 5.77  0.21 11.22  3.37
7.56  0.48 11.17  2.73 53 (P  0.002)
7.71  0.51 11.29  0.71
Mean Expt. 2 7.00  0.98 11.54  1.74 65
a Overall grain density was estimated by counting all nuclear silver grains staining in acromion of four independent sections per embryo
analyzed at 600 magnification. For each embryo, a minimum of 100 nuclei were counted, and the mean value obtained per embryo is
indicated. Changes in the nuclear grain density were calculated for samples from the same experiment. Statistical analyses were performed
according to Student’s t test.
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decrease in Pax1 expression observed in e10.5 Hoxa5/
embryos argues in favor of the involvement of Hoxa5 in
acromion formation by ensuring correct Pax1 expression at
the proper time and position during morphogenesis of the
pectoral girdle. A decrease in Pax1 expression would be
compatible with the concept of localized heterochrony
leading to axial and appendicular anomalies in Hox mu-
tants (Dolle´ et al., 1993; Duboule, 1994). It remains to be
defined whether Hoxa5 acts directly to regulate Pax1 tran-
scription or via a reduction in the number of Pax1-
expressing cells.
The skeletal transformations in Hoxa5 mutants are con-
fined within the exclusive expression domain of the major
1.8-kb Hoxa5 transcript in the cervical and upper thoracic
region as well as in the proximal part of the forelimb (Aubin
et al., 1998; Larochelle et al., 1999). We have previously
shown that the Hoxa5 mutation impedes the expression of
the 1.8-kb Hoxa5 transcript between prevertebrae 3 and 10
in the axis (Aubin et al., 1998). The present results demon-
strate that the same situation prevails in the scapular belt
region, suggesting that Hoxa5 expression in the cervicotho-
racic region of the axial skeleton and in the pectoral girdle
is controlled via common regulatory elements. This is
supported by the observation that, although the respiratory
tract specifically expresses the 1.8-kb transcript, its expres-
sion is not abolished in Hoxa5 mutants, even though the
lack of Hoxa5 function severely perturbs the morphogen-
esis of the respiratory system (Aubin et al., 1997, 1998).
Sharing of regulatory elements for axial and appendicular
axes may serve as a mechanism to link development of the
girdles to that of specific axial domains. Indeed, transgenic
analyses of Hoxa5 regulatory regions have defined one
regulatory element that specifically directs expression in
the axial cervicothoracic region as well as in the appendicu-
lar skeleton (Larochelle et al., 1999; J.L. and L.J., unpub-
lished results). The correlation between the skeletal trans-
formations and the specific domain of expression of the
1.8-kb Hoxa5 transcript strengthens the idea that it may
serve a particular role in skeletal specification at the cervi-
cothoracic axial level.
Somitic contribution to pectoral girdle formation may
provide another mechanism to position the forelimb at the
proper axial level. In that case, the simultaneous loss of
Hoxa5 expression in the pv3–pv10 region of the axial
skeleton and in the developing scapular belt may be reflect-
ing the fact that somitic cells expressing Hoxa5 normally
participate in pectoral girdle formation. Already, chick–
quail grafting experiments have demonstrated the dual
origin of the scapula, which arises from both paraxial and
lateral plate mesoderm (Chevallier, 1977; Huang et al.,
2000). However, it remains to be determined whether this
situation holds true in mammals since very little is known
about the embryonic origin of the mammalian limb girdles
(Timmons et al., 1994).
Hox genes have been proposed to act during at least two
steps during skeletal formation: by first specifying the
regional condensation of prechondrogenic mesenchyme,
and then by controlling the transition from cartilage to
bone cells (Dolle´ et al., 1993). Our study agrees with this
notion. The formation of the pectoral girdle is intimately
associated with the location of the cervicothoracic transi-
tion region along the axis. Indeed, Hox paralogous groups 5
and 6 expression boundaries are linked to the axial level of
the cervicothoracic transition region in different species
(Burke et al., 1995; Cohn and Tickle, 1999). Moreover, the
fact that both the cervicothoracic axial region and the
pectoral girdle are affected by the loss of Hoxa5 and Hoxb5
function strengthens the proposed role of paralogous group
5 genes in establishing a regional landmark along the
anteroposterior axis where forelimb development will oc-
cur (Kessel and Gruss, 1991; Jeannotte et al., 1993; Ran-
court et al., 1995; Aubin et al., 1998).
Hoxa5 has also a more specific role during chondrogen-
esis. The dynamics of Hoxa5 expression evolve concomi-
tantly with the different steps of acromion formation.
While at e12.5, the developing acromion appears normal in
Hoxa5/ specimens, 1 day later its cellular appearance
reveals anomalies in the condensation process as illustrated
by abnormal cartilage production. Moreover, cell cycle
arrest of the perichondrial cells does not occur, suggesting
that correct specification of the cells is perturbed by the
lack of Hoxa5 function. It has been shown that the peri-
chondrium participates in negative regulatory pathways
controlling both the exit of chondrocytes from the cell cycle
and their subsequent differentiation (Long and Linsen-
mayer, 1998). Therefore, it is possible that withdrawal of
perichondrial cells from the cell cycle is an essential step
for the correct differentiation of chondrocytes. This is
further reinforced by the altered expression profile of Sox9
and Col21. While at e13.5, expression of these two genes is
FIG. 6. Comparative expression of markers of chondrogenesis in e13.5 (A–I) and e14.5 (J–U) wild-type and Hoxa5/ mutant specimens.
Near adjacent frontal sections of wild-type (A, D, G, J, M, P, S) and Hoxa5/ (B, C, E, F, H, I, K, L, N, O, Q, R, T, U) mutant embryos were
hybridized with Sox9- (D–F and M–O), Col21- (G–I and P–R), and Col11- (S–U) specific probes. Bright fields of specimens hybridized with
the Sox9 probe are shown (A–C and J–L). The acromions of wild-type and Hoxa5/ embryos are indicated by black and open arrowheads,
respectively. At e13.5, the level of expression of Sox9 (D–F) and Col21 (G–I) genes was lower in the acromion of Hoxa5/ mutants. At
e14.5, two different outcomes were observed in Hoxa5/ mutants. In cases where an acromion had formed, Sox9 (N) and Col21 (Q)
expression was stronger compared with that of wild-type (M, P). Conversely, in Hoxa5/ mutants that did not develop the structure, Sox9
and Col2a1 transcripts could not be detected in the presumptive acromion region (O, R). Col11 expression, which labels perichondrial cells
and tendons, confirmed that the perichondrial layer in the acromion of mutants was disorganized (S–U).
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decreased in Hoxa5 mutants, 1 day later their expression is
either extinguished or augmented. The existence of two
distinct outcomes may be suggestive of a threshold limit of
Hox gene expression necessary for chondrogenesis to pro-
ceed. In the absence of Hoxa5 function, other Hox genes
may partially compensate to allow the development of the
structure. Since the Hoxa5 appendicular phenotype is de-
pendent on the genetic background, other factors yet to be
identified may also be involved in the establishment of the
appropriate threshold. Adequate Hox gene dosage has been
shown to be crucial for the correct elaboration of skeletal
structures (Jeannotte et al., 1993; Davis et al., 1995; Ran-
court et al., 1995; Fromental-Ramain et al., 1996b; Aubin et
al., 1998).
In un mutants, the acromion defect is more important,
the etiology residing in the lack of cell recruitment in the
forming structure, as reflected in the lack of Col21
positive cells at early stage of acromion morphogenesis
(Timmons et al., 1994; Peters et al., 1999). However, even
though no acromion forms in un mutants, a population of
resting cells is detected in the presumptive acromial
region. This observation may indicate that cell specifica-
tion occurs even in absence of Pax1 function. Therefore,
Hoxa5 and Pax1 accomplish independent but comple-
mentary actions in acromion formation: while Pax1
recruits condensing cells, Hoxa5 may specify their fate.
Consequently, the expressivity of the phenotype in
double mutants is more severe resulting in a flattened
scapula spine. This situation is similar to what was
reported for thymus and parathyroid development, where
Hoxa3 and Pax1 have synergistic effects during their
ontogeny (Su et al., 2001). The molecular cascades in-
volved in the action of each of these two transcription
factors remain to be defined. Even if Sox9 appears to be
put under the regulatory control of Hoxa5, this action
cannot be direct since the two genes are not coexpressed
in the same cell types at e13.5. The PDGFR gene was
considered as a putative candidate to mediate either
Hoxa5 or Pax1 gene function in acromion morphogen-
esis. Although it was previously reported that the
PDGFR promoter is directly activated by Pax1 in in
vitro cell assays, it appears that it is not located down-
stream of either transcription factor in an in vivo context
(Joosten et al., 1998; not shown).
Drosophila Hox genes have been previously proposed to
function as micromanagers and the present work supports
this model (Akam, 1998). Hence, Hox genes will modulate
the activity of a panoply of targets at several moments
during development to control not only growth and initial
patterning but also the details of cell morphogenesis and
function. In conjunction with our work, the recent charac-
terization of the role of Hoxa3 in thymus development and
function indicates that this micromanager role can be
extended to various processes of embryogenesis in mam-
mals as well (Su and Manley, 2000; Su et al., 2001).
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